Linear Tailored Gain Broad Area Semiconductor Lasers
Abstract-Tailored gain semiconductor lasers capable of high-power operation with single-lobed, nearly diffraction limited beamwidths only a few degrees wide have been demonstrated in proton implanted chirped arrays and "halftone" broad area lasers. We analyze lasers with a linear gain gradient, and obtain analytic approximations for their unsaturated optical eigenmodes. Unlike a uniform array, the fundamental mode of a linear tailored gain laser is the lasing mode at threshold. Mode discrimination may be controlled by varying the spatial gain gradient. All modes of asymmetric tailored gain waveguides have single-lobed far-field patterns offset from 0". Finally, we utilize tailored gain broad area lasers to make a measurement of the antiguiding parameter, and find b = 2.5 + 0.5, in agreement with previous results.
M I. INTRODUCTION
ANY applications of semiconductor lasers require high optical power outputs. Although this may be achieved in a broad area laser, the beam patterns of conventional devices with uniform spatial gain profiles are very wide, highly irregular, and unstable, and are thus unsuitable for the majority of applications which require a clean, single-lobed optical beam. The undesirable farfield patterns result from the lasing of uncontrolled filaments and higher order lateral modes. Filamentation results from a nonlinear interaction between the optical field and the carrier distribution [l] , while the lateral mode problem results from the lasing of higher order modes which have multilobed far-field patterns. The conventional solution to both these problems is to limit the width of the laser stripe to about 10 pm. Unfortunately, this then limits the maximum power output and minimum beamwidth of the device.
One promising method of obtaining high-power operation and narrow beamwidths is to fabricate a phase-locked laser array by placing many lasers in close proximity. Although the array structure solves the filamentation problem by confining the filaments to individual laser channels, the lateral mode problem remains. The well-known undesirable twin-lobed far-field pattern of a uniformly spaced array of identical lasers [2] - [4] comes about because the lossy interchannel regions in the uniform array cause the highest order supermode to have the highest modal gain, and this mode has a twin-lobed far-field pattern [5] , [6] . In principle, one method of achieving fundamental mode operation in an array would be to vary (e.g., chirp) the widths of the array elements so that the fundamental mode is localized in a different spatial region than the higher order modes [7] . If the gain profile across the array is tailored to match the intensity distribution of the fundamental supermode, the result should then be an array with a single-lobed far-field pattern.
Unfortunately, fundamental physical and technological limitations make the fabrication of a real index-guided chirped array difficult [8] , and there is as of yet no easy way to simultaneously control both the real index and gain distribution within a semiconductor laser. However, by taking advantage of the fact that in a gain-guided laser the spatial gain profile determines both the optical field distributions as well the modal gains, we demonstrated a tailored gain chirped array of semiconductor lasers in which gain tailoring was achieved by chirping the widths of the proton implanted laser elements [9] . Subsequently, we showed that the desired single-lobed far-field patterns could best be obtained from devices in which the interchannel gain has been made so strong that the distinction between an array and a broad area laser has become blurred [ lo] .
The importance of a high interchannel gain in a tailored gain array has also recently been confirmed by the work of Welch and Scifres et al. [ll] , 1121. These workers also use proton implanted chirped arrays to provide gain tailoring, but rather than use a shallow proton implantation to achieve the necessary high interchannel gain, they utilize an offset stripe structure which effectively creates gain in the interchannel region. They have shown that singlelobed far-field patterns are best achieved when the length of the center section of the array equals the length of the two offset end sections. This implies that there is effectively no distinction between the channel and interchannel regions, because the total integrated gain along the length of the laser is (approximately) the same for any longitudinal cross section. Thus, the offset stripe "array" also resembles a tailored gain broad area laser more than it does an array of individual lasers.
11. TAILORED GAIN BROAD AREA LASERS It is possible that some residual effect due to the array structure was responsible for the single-lobed far-field patterns. To demonstrate that the array structure in a tailored gain laser is superfluous, we therefore conceived and demonstrated an entirely different method of achieving gain tailoring, the "halftone" process, by varying the fractional coverage of injecting metal to the piGaAs contact relative to Schottky blocking metal to the pGaAlAs contact over the surface of a broad area laser [13]. The enhanced current spreading provided by the thick upper cladding layer smears out the effects of the discrete dots and makes for a smooth, nonuniform spatial gain distribution within the active layer. This process may be used to create nearly arbitrary two dimensional spatial gain distributions within a broad area laser, thus offering a new degree of freedom in the design of semiconductor lasers. In particular, if the gain dependence on injected carrier density is known, the dot size variation can be chosen to create an approximately linear spatial gain profile. Previously, we were able to obtain a single-lobed diffraction limited beam from a tailored gain broad area laser 40 pm wide [13]. The far-field patterns of this device did not remain single-lobed at high power; in this work, we report high-power (200 mW) nearly diffraction limited singlelobed operation of a similar device. Fig. 1 shows the pulsed, low duty cycle near-field and far-field patterns for a linear asymmetric halftone laser 100 pm wide. Fig. l(b) shows that such lasers are capable of nearly diffraction limited high-power ( -200 mW into 2.5 ") single-lobed operation. The improved high-power performance may be understood as a consequence of the effect of gain saturation, which tends to equalize the spatial gain profile across the laser. The beneficial effects of gain tailoring are then lost more rapidly in a device with a small gain gradient (previous work) when compared with a device with a steeper gain gradient (present work).
The threshold currents I t h and external differential quantum efficiencies vext of tailored gain lasers depend upon the extent to which the waveguide is truncated at the low gain region because light is only emitted over those portions of the laser which are pumped to transparency ( r O cm-'). Thus, carriers injected into the net lossy regions of the laser [indicated by the shaded regions of Fig. 2(a) ] will increase &, and decrease qext but will not increase the optical output. Fig. 2(b) plots the excess current above threshold I -Zth versus the optical power emitted per facet for pulsed, low duty cycle operation of lasers with uncoated mirrors and for various device widths e. The total (two mirror) differential quantum efficiency vcxr is also indicated. As expected, vext rises as the width of the laser decreases. However, decreasing the width of the laser makes it more susceptible to the adverse effects of gain saturation, leading to some power being radiated into a small sidelobe at -8 .
In this work, we restrict our attention primarily to the analytic study of the (unsaturated) optical eigenmodes of a linear asymmetric tailored gain waveguide. We will show that the highly nonuniform gain profile in halftone tailored gain broad area lasers plays an important role in the suppression of the lateral mode control problem in these devices. For example, we show that the higher order lateral modes of these lasers have far-field patterns which are all single-lobed and only slightly displaced from the fundamental. Thus, even under multilateral mode operation, the far-field pattern remains single-lobed, albeit with a slightly larger beamwidth.
In addition, the beam emission angle at threshold is sensitive to the exact value of the anti-guiding parameter [ 141, and we are therefore able to make use of asymmetric halftone tailored gain broad area lasers with varying spatial gain gradients to make a measurement of this important parameter.
ANALYSIS OF THE LINEAR TAILORED GAIN WAVEGUIDE
The optical field E ( r , t ) inside the waveguide satisfies Maxwell's wave equation
where c is the speed of light in vacuum, and n (I) is the index of refraction in the medium, which is, in general, a complex number:
and i = J-1. (Throughout this work, the real part of a complex quantity q will be denoted by either Lj or Re { q } ; the imaginary part will be denoted by either or Im { q } ).
Hence, E( r ) denotes the ordinary (real) index of refraction, and ( r ) = -2k0E ( r ) is the spatially dependent power gain experienced by an optical wave propagating through the point r.
In a semiconductor laser, E(r, t ) is a complicated superposition of many transverse? lateral, and longitudinal modes oscillating at many different frequencies. We simplify the problem by considering only one oscillation frequency (thus eliminating the longitudinal modes), and make the usual effective index approximation (thereby eliminating the transverse modes). Furthermore, we consider only TE waves traveling in the +z direction. As a result, we write the electric field of a lateral mode as
where E ( x ) is now a scalar electric field, ko = 2 7~/ X~ is the free-space propagation constant, fl = cko is the radian frequency of the wave, and q is the effective index of the mode. The propagation constant 3 in the z direction is then given by 6 = kor. The power modal gain, defined as y = -2k05 = -2 6 , gives the rate at which the intensity of a lateral mode grows with z. In a laser, the lateral mode with the highest modal gain will be the lasing mode at threshold. Substituting ( 3 ) into (1) yields the scalar Helmholtz equation:
In the linear asymmetric waveguide? n(x) is given by -09
where ne is the (constant) complex index of refraction external to the guide, no and (T are also complex constants, and t is the width of the guide. For convenience, we split ne and no into their real and imaginary parts: 
The inset of Fig. 3(a) shows the waveguide which we will use for illustrative purposes throughout this work. It is 120 pm wide with a gain gradient of 1 cm-'/pm.
The gradient of the complex index of refraction within the guide 0 I x 5 t i s given by oko. (T is a dimensionless quantity which plays a key role in determining the properties of the waveguide, and is defined by
where b is the antiguiding factor which relates the depression in the real part of the index of refraction due to the presence of gain through the free-carrier and band-edge effects. b has been assigned values in the literature [14] between 2 and 6; as described below, we experimentally measure b = 2.5 k 0.5. The real constant s is related to the guide parameters by
It should be noted that in this model there will always be a step discontinuity in the index of refraction n ( x ) at the left edge of the guide ( x = 0), while there will be a corresponding step discontinuity at the right edge of the
The effect of the discontinuity in n ( x ) at the right edge of the guide depends upon the magnitude of the discontinuity, and also upon both the particular eigenmode as well as the width P of the guide. Of course, in an actual device there can be no real discontinunity in the spatial gain profile, but since we will show below that it is only the value of the spatial gain gradient which is important, to first order at least, the discrepancy between the model waveguide and an actual device may be neglected for the high gain lasing modes.
After substituting ( 5 ) into (4) 
where s is related to the guide parameters by (8). Then we can write w as w = ko(2nCs) ( 4 ) .
(13)
Each branch of the cube root gives rise to a physically meaningful mode, leading to three distinct families of modes, which will be referred to as the ( + ), ( 0), and ( -) branches. Since Eo << Eo, the angle I J is determined almost entirely by the cube root of ( -i ) which takes the ues 'F 30", and +90". The inclusion of index anti-guiding ( b # 0 ) effects a rotation of 6: in.the complex plane; this will be discussed below. The quantity wl determines the length and orientation of the line 6: in the complex plane. To determine its origin at p the eigenvalue q is required. The normalized eigenvalues e-i~/', e-15~16 , and $ then takes on the valmodes will then be completely specified when the ratio of the coefficients a / b in (10) is known. This ratio is determined by requiring E and d E / dx to be continuous at the edges of the guide and bounded at infinity. If we require the field to decay exponentially as x -+ -00 and match the boundary conditions at the left edge of the guide, we derive the following expression for the ratio a / b inside the guide:
where the prime ( ' ) denotes a derivative with respect to the argument, and 
This equation may also be obtained by the more common method of solving a 4 x 4 determinant; the present method has the advantage that it explicitly yields the im-
Equation (17) is solved numerically for the eigenvalues q,, where v is the mode index. The mode structure in the complex effective index plane for our model waveguide is illustrated in Fig. 3(a) . An enlargement of the boxed region of Fig. 3(a) is shown in Fig. 3(b) . Three distinct families of modes exist in a pattern resembling a sideways "Y": the high modal gain ( + ) and the low modal gain ( -) branches with relatively large ij, and the middle ( 0 ) branch on which all the modes have nearly the same modal gain and relatively small 7. Unlike the case of a uniform gain guide of the same width in which the mode discriminations are less than 1 cm-', the mode discrimination between the fundamental and higher order modes in an asymmetric tailored gain waveguide can be much better, typically 10 cm-'. Since the lateral modes on the ( + ) branch will be the first to lase, these are then the most important ones to characterize. To accomplish this, we examine the Airy functions of complex argument.
It is well known that along the negative real axis, Ai(x) resembles a damped sinusoidal function with a gradually decreasing period, while along the positive real axis Ai ( x ) decays exponentially without oscillations or zeros. Similarly, along the negative real axis, Bi (x) resembles a damped cosinusoidal function with a gradually decreasing period, while along the positive real axis Bi (x) grows exponentially without oscillations or zeros. However as gain is introduced into the waveguide, the mode paths deviate from the real axis and the eigenmodes of this complex waveguide are determined by the analytic continuations of Ai (x) and Bi ( x ) into the complex plane. For convenience, the magnitude and phase of both Airy functions are illustrated over the complex plane in Fig. 4 . The arrows indicate directions of increasing magnitude and phase.
In order to proceed with the theoretical analysis, it is necessary to determine which one of the terms a Ai(x) or b Bi ( z ) provides the dominant contribution to E in (10).
Towards that end, we examine the paths 6: ( + ), 6: ( 0 ) and b: ( -) of the argument z = p + wx. For example, the paths 6: ( + ) are shown superimposed on Ai ( z ) in Fig.   5(a) . The endpoint at z = p lies near a zero of Ai ( z ) and the other is in the sector 1 L z I < T / 3 where Ai ( z ) is exponentially small. Thus the profile of Ai ( z ) along this path is consistent with a well-confined mode. From Fig.   4 we note that in the sector 1 L Z~ < r / 3 , Bi(z) is exponentially large, so that its magnitude at z = p + UP is much larger than it is at z = p . Its profile is not consistent with a well-confined mode and therefore we expect the ratio a / b to be large for modes on the ( + ) branch. This ratio is plotted in Fig. 6 for a guide with a gain gradient of 1 cm-' / pm and varying widths 1. The ratio a / b approaches values as high as lo'*, confirming that the contribution of Ai ( z ) to E completely dominates that of Bi ( z ) for the first few modes of guides wider than about 50 pm.
As the guide width P is increased, the endpoint z = p + UP penetrates deeper into the Stokes region I L z I < r / 3 and the increasing ratio a / b reflects the growing dissimilarity between Ai ( z ) and Bi (2) . Only when the endpoint z = p + we lies near the Stokes line at L z = T / 3 does Bi ( z ) make a significant contribution to the eigenmode.
Thus the solution Ekf'(x) of the Helmholtz equation (4) can be expressed in terms of Ai(z) alone in guides for which 1 w 1 l? is suitably large.
The near-field profiles along lines 6: ( + ) are shown in Fig. 7(a) . These are virtually identical to those obtained by a completely numerical study of the problem [8] . Note that these modes are concentrated near the high-gain end of the waveguide (x = 0 ) . The v = 1 mode has the largest spatial overlap with the lateral gain profile and thus has the highest modal gain at threshold. As is evident from Fig. 3(b) it also has the highest effective index of any mode on the ( + ) branch, and will henceforth be referred to as the "fundamental" mode of the waveguide. branch. They correspond to the ( 0 ) branch of Fig. 3 , and are also plotted in Fig. 7 . We remark that this description of modes on the ( 0 ) branch holds for the wide waveguides considered here, but becomes considerably more complicated for waveguides in which I UP^ + 0. ro -ko&, and 0 < r1 < r, * -* , we see that the fundamental mode has the highest modal gain and hence will be the lasing mode at threshold. At threshold, the modal gain y\" of the fundamental mode must equal the mirror losses -rm (scattering lasses are probably insignificant in such a wide gain-guided laser). Equation (23) may be inverted to give the required peak gain Yo at threshold in terms of rM and the gain gradient s.
IV. EIGENVALUES OF THE LINEAR TAILORED GAIN WAVEGUIDE
The mode discrimination between any two modes is given by
AyL+) r$+) -( + I
? " + I 1/3 6, = 1 ru -rv+l 1 (24)
where 6, is the spacing between the zeros of Ai (x). The mode discrimination scales sublinearly with the gain gradient, and is greatest between the fundamental v = 1 and the next higher-order v = 2 mode. Our numerical analysis [8] indicates that (24) is accurate to within a few percent for the waveguide of Fig. 3(a) .
In an entirely analogous manner, formulas for the propagation constants of modes on the ( -) branch may be determined by setting p + U P equal to a zero of the Airy function. The effect of the additional term wP and the ( -) root of w leads to slightly different expressions for the
The approximations for the eigenvalues on the ( -) branch lie on a straight line emanating from the point (E!, Et).
The angle that this line makes with the real axis is + 60°, so that it makes an angle of 120" with the corresponding ( + ) line. In this case the v = 1 mode on the ( -) branch has the lowest modal gain of all the modes. We remark that (25) is not as accurate as (23) for truncated waveguides in which ne # no -ukof due to the perturbation introduced by the discontinuous truncated region at the lossy edge of the guide. As a result of their relatively low modal gain, modes on the ( -) branch are unlikely to lase, however, and so the error is unimportant from a practical point of view. Finally, modes on the ( 0 ) branch have nearly constant modal gains, and are composed almost entirely of Bi(z). It is not possible to obtain simple closed form analytic expressions for the eigenvalues for these modes. Once again, however, since they have low modal gains compared to those on the ( + ) branch, the formulas are not required.
V. NEAR-FIELD AND FAR-FIELD PATTERNS
The near-field patterns of the lowest order eigenmodes of our model waveguide were illustrated in Fig. 7 . Considering first the ( + ) branch, we recall that 6: starts from a zero of Ai (z) and terminates in the sector of exponential decay 1 L I z < x / 3 . Since the zeros of Ai ( z ) occur only along the negative real axis, the modes of an asymmetric linear tailored gain waveguide al! have single-lobed nearfield patterns.
Prior to deriving analytic approximations for the near- That is, the modal gain is given simply by the value of the spatial gain at the point where the electric field has its peak value. This suggests that, to first order, the mode intensity profile is symmetric about its peak position, and that its width is much less than the width of the waveguide.
To find an expression for the near-field pattern, we approximate the Airy function Ai (z) along the lines 6: ( + ).
To wit, the leading asymptotic behavior of Ai ( z ) as I z 1 -+ 03 is [15] to the lateral position x within the guide:
Below the negative real axis, the + exponential provides the dominant contribution to Ai (2) . The radicals may be simplified by making a binomial expansion about u = 0 with v << u :
After substituting (31) and (30) into (29) The intensity near-field patterns may be found for the ( -) branch in a similar manner. The exact (numerical) near-field intensities and phases for representative modes on each of the three branches is plotted in Fig. 9(a) . All of the modes are approximately Gaussian in shape with essentially linear phase variations over the region of apThe first expression includes the zeros on the negative real axis, and is the one we use. In constructing Fig. 4 , we have found this result to be accurate to within 10 to 15 percent even for I z 1 as small as 2 or 3, and its simple analytical form further motivates its exploitation here.
We write z in terms of the rectangular coordinates z = u' + iv' and rotate the coordinate system to new variables u and v so that u lies along the anti-Stokes line
Along the line 6 , u is constant and u is linearly related , -i 2~/ 3 and v lies perpendicular to it (i.e., along C ) .
preciable light intensity. Higher order terms in the expansion of (3 1) lead to slightly asymmetric near-field patterns with some curvature in the phase fronts.
Once E,(x) has been found to have such a simple form, it is a simple matter to find its far-field pattern. In the Fraunhofer approximation, the far-field pattern F, (6) is given by the square of the Fourier transform of E , ( x ) times an obliquity factor. The wide asymmetric tailored gain broad area lasers of interest here have very narrow far-field patterns near the axis, and thus the obliquity fac- Far-field patterns for the ( -) branch may be calculated similarly, and are, in fact, identical (except for an unimportant global phase factor) to those on the ( + ) branch.
The far-field patterns corresponding to all near-field modes of Fig. 7(a) are plotted in Fig. 7(b) . We see that the far-field patterns for all modes are emitted slightly offaxis, are single-lobed and approximately Gaussian in shape, in agreement with (35). This stands in marked contrast to the far-field patterns of all real index-guided and symmetric gain-guided lasers in which only the fundamental mode has a single-lobed far-field pattern. Physically, we understand this as follows: all of the low-order eigenmodes are well confined within the guide. Hence each experiences a nearly linear gain gradient across its width. The self-consistent solution inside the laser resonator thus requires a net power flow from the side of high gain to the side of low gain. As a consequence the phase front of the guided wave is tilted with respect to the optical axis, and power is emitted in the far-field at an angle 8, off-axis towards the low gain side of the laser.
In real index-guided and symmetric gain-guided lasers, power flow directed off-axis at an angle 8, must be balanced by an equal component at -ev. The asymmetric tailored gain waveguide disrupts this symmetry by reinforcing one component at the expense of the other. This may be seen analytically by examining (29). The + and -exponentials describe power propagation at opposite angles to the optical axis. Choosing the gain slope s > 0 forces the lines 6: ( + ) below the negative real axis, and the + exponential is dominant (power flow reinforced at e,). On the other hand, choosing s < 0 would cause the .-exponential to dominate. On the negative real axis (Stokes line), neither term is dominant. This switching of dominance is exactly the Stokes phenomenon. Thus, a small amount of power which travels in the opposite lateral direction is described by the subdominant term of (29), which we neglected, and contributes to far-field emission at an angle -8".
We stress that our analysis is predicated on achieving distinct ( + ) and ( Thus, under high-power operation when multilateral mode operation is likely, the beamwidth will degrade gradually, becoming slightly broader and shifting very slightly in angle. This analytical result is borne out by the experimental data of Fig. l(b) .
VI. MEASUREMENT OF THE ANTIGUIDING PARAMETER
In the interest of simplicity, the preceding analysis considered only the case of a pure gain waveguide with no index variation. The effect of the antiguiding parameter b on the eigenmodes may be determined by recalling the definition of u in (7), viz. Qualitatively, the effect of anti-guiding on the near-field patterns may be determined with the aid of Fig. 10(a) and a simple geometrical argument.
As b increases from 0, the angle II/ that d: makes with the real axis increases. As a result, 6: becomes tangent to the level lines of Ai (z) at a point further removed from x = 0, implying that the position x, of the maximum intensity of E has shifted towards the low gain side of the waveguide. Furthermore, as these latter level lines are less strongly curved than those near the origin, the width of the mode increases as well. Near-field profiles along the two lines of 6: ( b = 0 ) and 6: ( b = 3 ) in Fig. 10(a) are compared in Fig. 10(b) .
A quantitative generalization of the technique used earlier to determine the near-field and far-field patterns is in-J3 l l cluded as an Appendix. At this point we simply quote the relations for position of the near-field peak x, ( b ) half-width of the near-field distribution w, ( 6 ) 12 sin (7r/6 + cp) q cos (6' + P)
(1 + b2)li3 cos ( 2 p + 8/2) and far-field emission angle 8, ( 6 ) all expressed in terms of their values in the no anti-guiding case. The angles p and 8 are functions of b defined as
For example, when b = 3 , w, increases by a factor of 2,
x, by a factor of 3, and 8, by a factor of 4.
When the anti-guiding factor is included, the far-field beamwidth remains approximately constant because the increase in the width of the near-field is offset by an increase in the phase curvature. The major effect of antiguiding on the far-field patterns is to shift 9, to larger angles. 8, is a sensitive function of b, and therefore knowledge of the guide parameters (made possible via the halftone process described earlier) allows estimation of the anti-guiding factor.
To make an experimental determination of the anti-guiding factor it is necessary to estimate the gain gradient s defined in (8). The constant To is fixed by the requirement that at threshold the modal gain of the lasing mode y\+) must precisely equal the sum of losses, which are principally due to the mirrors, and are typically about 40 cm-' for a device 250 Fm long. In an asymmetric tailored gain halftone laser in which the fraction of injecting contact varies between 100 percent at the left edge of the laser and 0 percent at the right edge, light will be emitted only where the gain is greater than zero. We can estimate the position of transparency by examining the spontaneous emission profile just below threshold. Together with ro, this determines the gain gradient. For example, we estimate the gain gradient in the device of Fig. 1 to be 1 cm-'/pm. Equation (44) may then be used to calculate the position of the off-axis far-field beam position 9:'' as a function of the antiguiding factor b. Fig. 11 plots the theoretically expected emission angles for several values of the antiguiding factor along with experimental data from halftone asymmetric tailored gain lasers with differing gain gradients. We find a value b '= 2.5 f 0.5, which is in agreement with earlier published results [ 141. VII. CONCLUSION In conclusion, we have demonstrated a linear tailored gain broad area laser capable of emitting a few hundred milliwatts of optical power into a single, nearly diffraction limited beam only a few degrees wide. We analyzed the lateral optical eigenmodes of such lasers in terms of the Airy function of complex argument, and showed that, unlike uniform phased arrays of semiconductor lasers, the fundamental mode in a tailored gain laser is the lasing mode at threshold, thus making possible the narrow, single-lobed far-field patterns. The mode discrimination between the fundamental and higher order modes may be controlled by variation of the spatial gain gradient, and varies sublinearly with it. We also showed that, unlike all real index-guided lasers or symmetric gain-guided lasers, the higher-order modes of asymmetric tailored gain lasers do not have nulls in their near-field patterns, and that the corresponding far-field patterns are all asymmetric, single-lobed, and only slightly displaced from the fundamental. Finally, we made use of halftone asymmetric tailored gain lasers to estimate the anti-guiding factor. APPENDIX To calculate the near-field and far-field patterns when real index anti-guiding is included, we once again first calculate x,, the position of the peak electric field intensity within the guide. We determine the point at which 6:
becomes tangent to the level lines of Ai ( z ) , and rotate the coordinate system so that a Taylor expansion may be used to evaluate the field distribution. When anti-guiding is where c2 is a positive real constant. This family is centered at the origin, and is asymptotic to ( u / v ) = k h. and since zo is independent of x all the lateral-field behavior is contained in the last factor of (A. 13). For the case b = 0, both zo and A z are real, leading to a Gaussian field distribution with a linear phase variation as given by (32). In the general case, zo and A z are complex, leading to a cross coupling between the magnitude and phase terms. However, we may still obtain meaningful insight into the antiguiding case by examining the "magnitude" and ' 'phase' ' terms individually.
The phase term corresponding to 4, ( x -x,) of (33) For example, when b = 3 the near-field pattern broadens by about a factor of two. Finally, we note that since (A. 17) has a significant imaginary part there will be an additional quadratic correction to the linear phase term of (A. 15). However, from (A.13) we observe that this correction is of order Az/4z0. Thus it is not expected to contribute much to the absolute angle of beam emission in the far-field, but it will tend to counteract the effect of narrowing the beamwidth due to the increased near-field width.
